Alzheimer's disease is currently thought to be a complex, multifactorial syndrome, unlikely to arise from a single causal factor; instead, a number of related biological alterations are thought to contribute to its pathogenesis. This may explain why the currently available drugs, developed according to the classic drug discovery paradigm of "one-molecule-one-target," have turned out to be palliative. In light of this, drug combinations that can act at different levels of the neurotoxic cascade offer new avenues toward curing Alzheimer's and other neurodegenerative diseases. In parallel, a new strategy is emerging-that of developing a single chemical entity able to modulate multiple targets simultaneously. This has led to a new paradigm in medicinal chemistry, the "multitarget-directed ligand" design strategy, which has already been successfully exploited at both academic and industrial levels. As a case study, we report here on memoquin, a new molecule developed following this strategy. The in vitro and in vivo biological profile of memoquin demonstrates the suitability of the new strategy for obtaining innovative drug candidates for the treatment of neurodegenerative diseases.
INTRODUCTION
Alzheimer's disease (AD) is the most common neurodegenerative disease among the elderly. It affects 26 million people worldwide, 1 and its prevalence is increasing so greatly that the number of individuals with AD is expected to more than triple between the present and 2040. Despite the huge proportions of the phenomenon, 2 AD remains incurable and fatal, and this fact represents an urgent need and unmet goal for the research community.
Until 2003, the therapeutic options available for patients with AD were limited to one class of drugs, the inhibitors of acetylcholinesterase (AChE), which offer only symptomatic relief. Their action is restricted to the amplification of residual cholinergic activity by slowing degradation of acetylcholine (ACh) after its release at the synapses. 3 Since 2003, a newer drug, memantine, has been approved. Its mechanism of action relies on the prevention of overstimulation of the N-methyl-D-aspartate (NMDA) receptors, which probably contribute to the pathogenesis of AD by causing excitotoxicity. To date, however, no treatment has been unequivocally proven to alter or prevent disease progression, and many agents entered in clinical trials have proven ineffective. 4 As a consequence, drug discovery research has been driven-medically, commercially, and intellectually-by the need for therapeutics with disease-modifying effects that can get to the root of the disease. This need has often been equated with the identification and exploitation of novel targets, but these efforts have often proved disappointing.
An exemplary case is amyloid-␤ (A␤). Over the last 30 years, a plethora of targets has been suggested in the attempt to identify the causative factors of neurodegeneration. Among these, a great deal of evidence from a variety of genetic, pathological, and biochemical studies suggested that A␤ played a pivotal causal role in the pathogenesis of AD. According to the "amyloid hypothesis," one of the major neuropathological hallmarks of AD is the altered production, aggregation, and deposition of A␤, which results in amyloid plaque formation. 5 Therefore, much effort was directed at developing drugs to inhibit the production, aggregation, or neurotoxicity of A␤. 6 More recently, the scientific community realized that the pathogenetic scenario might be even more complex. Abnormal protein assemblies appear to initiate a cascade of interrelated pathological events, ultimately leading to neuronal death. Answers to more specific questions have yielded other targets, 6 which have entered pharmaceutical company pipelines. However, it has been difficult to determine which of these pathways is the most important in the onset of AD, and which should be targeted for the development of new therapeutic agents. 7 Therefore, although the speed of research has increased in recent years, AD remains an area of exceptional clinical need.
In the multifactorial nature of the disease, scientists have identified the reasons for these pitfalls. 8 Experimental evidence points to the involvement of several targets and pathways in the AD pathogenesis (FIG. 1) , but all drugs developed to date are monofunctional, hitting only a single target among the many involved. Therefore, these drugs are inherently insufficient for the treatment of complex diseases like AD, which have multiple pathogenic factors. 9 Different pharmacological approaches offer possible ways of overcoming the problems arising from the use of monofunctional drugs. 10 First, a combination of drugs, which offers the prospect of additional benefits, can be effectively used to target the multiple pathological processes. Combination therapy has already proven successful in the treatment of similarly complex diseases, such as cancer, HIV, and hypertension, where the technique achieves maximum efficacy by attacking several targets simultaneously, exploiting synergy, and minimizing individual toxicity. In AD as well, combination therapy is becoming the standard of care. 11 Usually, a therapeutic regimen comprises the concomitant use of one of the marketed AChE inhibitors (AChEIs) and memantine, due to their distinct mechanisms of action. Moreover, co-administration of other traditional and nontraditional therapies (vitamin E, ginkgo biloba) may form a successful strategy in the near future. 12 The safety and effectiveness of these and other agents for AD patients are still matters of debate. However, there is an increasing body of evidence that suggests that synergic effects may arise from combining agents that already have some proven efficacy in AD therapy and that are directed at different mechanisms in the pathogenic chain.
It is critical to recognize, however, that combining two or more drugs always raises the potential for greater side effects. These may include the known side effects of each drug, or completely unexpected side effects caused by interactions between the respective drugs. 13 Another therapeutic option is now emerging, based on the paradigm that a rationally designed, single molecule may possess multiple concomitant biological properties. Clearly, therapy with such a single multimodal drug would have inherent advantages over combination therapy.
14 Such therapy would prevent the challenge of administering multiple single-drug entities that could have different bioavailability, pharmacokinetics, and metabolism. Furthermore, in terms of pharmacokinetic and toxicological optimization, the clinical development of a drug able to hit multiple targets should not, in principle, be different from the development of any other single lead molecule. This therapy thus offers a far more simple approach than combination therapy. In addition, the risk of possible drug-drug interactions would be reduced and the therapeutic regimen greatly simplified, with the prospect of enhanced patient compliance, which is a critical issue in AD care. 15 The development of an effective multimodal treatment is, however, not so clear cut. Neurodegeneration in AD is the result of a several-step process, and addressing with a single drug the molecular dynamics of disease progression is not an easy task. When designing a new chemical entity, one should keep in mind that AD has many stages of progression, and it is crucial to assess the relationship between the progression timeline and a specific molecular target.
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MEMOQUIN DESIGN STRATEGY
In 1998, aware that innovative approaches to drug design were required to obtain real disease-modifying drug candidates, our group embarked on a new medicinal chemistry project to discover molecules endowed with a multifunctional profile against AD. At that time, our starting point was a solid background in the cholinergic system and an arsenal of lead compounds endowed with the ability to modulate different cholinergic targets. In particular, the polyamineamide caproctamine (1) 17 was of particular interest as a lead candidate, due to a well balanced affinity profile as an AChEI and a competitive muscarinic M 2 receptor antagonist (FIG. 2) . The idea had been advanced that drugs that antagonize selectively presynaptic muscarinic M 2 autoreceptors might also be useful in AD, as they would facilitate ACh release. 18 Therefore, we reasoned that 1 may well be capable of restoring cholinergic activity in the brain affected by AD pathology by decreasing ACh hydrolysis rates and at the same time increasing ACh release in the synapse. Moreover, it displays a dimeric flexible structure, which allows it to contact both active and peripheral sites of AChE, 19 as hypothesized by properly addressed molecular modeling studies. 17 This behavior has important consequences for the therapeutic potential of 1 against AD, in light of the discovery that AChE plays a key role during an early step in the development of senile plaques, acting as a pathological molecular chaperone. 20 It was postulated that AChE binds to the A␤ non-amyloidogenic form, inducing a conformational transition to the amyloido-genic conformation with subsequent amyloid fibril aggregation. 21 In fact, AChE directly promotes in vitro the assembly of A␤ peptide into amyloid fibrils, forming stable AChE-A␤ complexes. 22 Structural analysis by Xray crystallography 23 and competition assays with AChEIs 22 clearly identified enzyme peripheral anionic site (PAS) as a locus of protein interaction with A␤. All these results have constituted the premise for medicinal chemists to design a new class of dual-binding site inhibitors thatable to simultaneously interact with the two sites-might alleviate the cognitive deficit in AD and, more importantly, address the etiology of the disease. 24 -26 In view of early evidence that polyamineamides were versatile molecular scaffolds suitable for designing com- pounds able to recognize multiple protein targets, 27 we considered the possibility of modifying the structure of 1 to obtain a multi-target-directed ligand (MTDL). 28 In addition to the cholinergic properties, we aimed to add to caproctamine another activity beneficial for AD, such as the antioxidant property. Our interest was prompted by the observation that the synthetic derivative of coenzyme Q (CoQ), idebenone, had been shown in a clinical trial to improve cognitive function and behavioral deficits in patients with mild to moderate AD. 29 Moreover, treatment with idebenone, a potent mitochondrial antioxidant, protected the hippocampus neurons against A␤(1-40)-induced neurotoxicity. 30 Currently, extensive literature points to oxidative stress as pivotal in the pathogenesis of AD, suggesting that it occurs prior to the onset of symptoms in AD, and that oxidative damage occurs before plaque formation. 31 It is worth noting that low-dose idebenone is marketed in Italy (Mnesis [Takeda Italia Farmaceutici, Rome, Italy], Daruma [Wyeth Lederle, Aprilia, Italy]) for cognitive disorders.
Thus, because of their different mechanisms of action, combination therapy with idebenone and an AChEI emerged as a therapeutic option for the management of AD that is still useful today. 32 We therefore envisioned the creation of a multi-target-directed new molecule by inserting the 1,4-benzoquinone radical scavenger moiety of CoQ and analogues into the polyamine backbone of 1. We decided to introduce the benzoquinone nucleus to replace the inner polymethylene chain. In the resulting 2,5-bis-{6- 33 the two nitrogen atoms in positions 2 and 5 of the benzoquinone moiety are amide-like in character, precisely mimicking the amide bonds of 1 (FIG. 2) . Due to a resonance effect, a hydrophobic and planar system is generated, which has been recognized as an important design feature for obtaining high-binding specificity with A␤ and for perturbing protein-protein interactions in the fibrillogenesis process. 34 A straightforward synthetic strategy was developed to provide both a high-yield and large-scale amount of the molecule. 35 To disclose the multiple mechanisms of action of this novel MTDL, a number of different in vitro and in vivo assays were performed, accounting for AChE inhibition, A␤ aggregation, antioxidant effects, and BACE-1 inhibition. 33, 36, 37 
IN VITRO PROFILE
In FIG. 3 and Table 1 , we report a summary of all the in vitro activities of memoquin.
Antioxidant activity of memoquin
The antioxidant properties of 2 were verified by testing its ability to neutralize free radicals. The molecule was able to decrease the formation of free radicals with a 44.1 Ϯ 3.7 percentage of inhibition. The antioxidant capacity appeared to be slightly lower than that shown by a standard reference compound, such as trolox (57.6% Ϯ 0.9%). However, it should be noted that in the experiment carried out, 2 was in the oxidized form, which, in vivo, would be readily transformed into the more antioxidant-reduced form. In fact, different studies on the antioxidant property of other 1,4-benzoquinone derivatives, such as CoQ and idebenone, have conclusively demonstrated that it pertains exclusively to their hydroquinone form, since the quinone, in principle, cannot scavenge radicals. 38 NAD(P)H:quinone oxidoreductase 1 (DT-diaphorase, NQO1) was shown to be responsible for the regeneration and maintenance of the CoQ-reduced state. This inducible enzyme catalyzes the twoelectron reduction of quinones to hydroquinones, bypassing production of semiquinones and thus providing a shunt that competes with the formation of reactive oxygen species (ROS). More interestingly, NQO1 is increased in AD 39 in response to the shift of redox balance typical of the pathology. 40 Therefore, we might speculate that, being specifically reduced by NQO1 into the corresponding hydroquinone, 2 may exert its antioxidant activity specifically in those brain regions affected by AD, where a co-localization of NQO1 activity with AD pathology has been experimentally verified. 41 Therefore, 2 was tested with respect to its ability to accept electrons from NADH via NQO1, in comparison with the reference compound, menadione. The apparent K m and V max values of 12.7 M and 3480 (mol/min)/ mg, respectively, showed that 2 is a good substrate for NQO1, being not very different from menadione in terms of reduction by the enzyme. To further confirm the mechanism of action, we showed that both memoquin and menadione activities were sensitive to the NQO1 competitive inhibitor dicoumarol.
The cellular antioxidant activity of 2 against the formation of ROS was assessed in SH-SY5Y neuroblastoma cells after treatment with tert-butyl hydroperoxide. When treated with 2, the SH-SY5Y cells did not show a marked difference on ROS formation when compared to untreated cells (75.47% Ϯ 8.00% and 100.00% Ϯ 6.00%, respectively). Conversely, when the same experiment was repeated by pre-treating the cells with sulforaphane, a potent inducer of NQO1, 42 2 produced a remarkable inhibitory effect on the ROS formation relative to the untreated cells (56.60% Ϯ 4.00% and 103.77% Ϯ 11.00%, respectively). This result clearly confirms that there is a direct relationship between the NQO1-mediated reduced form of 2 and its ability to prevent free radical formation and damage. Furthermore, a nonselective distribution of exogenous antioxidants usually accounts for their in vivo failure. In the case of 2, due to this sort of targeting, it might emerge in the "right" place and at the "right" time in vivo, overcoming the frequent miss between antioxidants and ROS. 
Anti-AChE activity of memoquin
The inhibitory potency of 2 against human AChE, expressed as K i value, was equal to 2.60 Ϯ 0.48 nM. This is almost 10 times lower than that obtained in our system for the drug donepezil (K i ϭ 20.5 Ϯ 3.3 nM), 44 which is the most potent marketed AChEI. Kinetic measurements also revealed that the inhibition was of mixed type, showing a variation of both V max and K m in the presence of different concentrations of 2. We interpreted this result as evidence of the interaction of 2 with both the catalytic site and the PAS of the enzyme. Docking simulations followed by molecular dynamics studies confirmed that 2 is able to simultaneously bind both the catalytic and peripheral sites of human AChE. 
Anti-aggregating profile of memoquin
AChE can act as a nucleating factor and promotes the conversion of soluble amyloid peptide into insoluble amyloid fibrils. 45 It has also been demonstrated that AChEIs binding at the PAS of the enzyme can interfere with such a pro-aggregating action. 22 When tested in a fluorimetric assay, 44 2 showed a dose-dependent inhibitory effect on AChE-induced A␤(1-40) aggregation (IC 50 ϭ 28.3 Ϯ 0.3 M). Notably, of the classical AChEIs tested in the same conditions (tacrine, donepezil, galantamine, rivastigmine, propidium), only propidium, which is a specific inhibitor of PAS, displayed a comparable anti-aggregating potency, with an IC 50 value of 12.6 Ϯ 0.3 M. 46 This result is in line with the numerous studies suggesting that modulation of the PAS may affect A␤ aggregation. 46 -51 It therefore seems likely that new AChEIs, which capitalize on different strengths, should be reconsidered as excellent candidates for future AD therapy. 52 Given the recent evidence that CoQ inhibits A␤ aggregation 53 and that the p-benzoquinone moiety seems responsible for this activity, 54 we could hypothesize similar anti-amyloidogenic and fibril-destabilizing effects for 2. Inhibition studies into self-aggregation of A␤ , which is the most amyloidogenic fragment found in the AD plaques, were also performed using a thioflavin T-based fluorometric method. 44, 55 When tested at concentrations ranging from 1.0 to 50 M, memoquin exhibited a strong dose-dependent inhibitory effect, with an IC 50 value of 5.93 Ϯ 0.33 M. When tested at an equimolar concentration (50 M) with A␤(1-42), it was able to inhibit 95.5% Ϯ 0.35% of fibril formation, whereas, in the same experimental conditions, the AChEIs galantamine and tacrine did not show any significant inhibitory activity whatsoever. 36 For comparison, in the same experimental conditions, the inhibitory 55 Consistent with the importance of benzoquinone as an anti-aggregating scaffold, we proved that 2 and other synthesized 2,5-diaminobenzoquinone analogues are inhibitors of A␤ aggregation. 36 Furthermore, we have advanced the idea that the presence of a symmetrical protonated structure, with charges spaced across a hydrophobic scaffold by chains of a proper length and flexibility, is essential for activity. Despite these insights, the structureactivity relationships within the class deserve to be further explored. We hypothesize that the creation of more potent inhibitors will be facilitated by a better understanding of the modules to be appended to the central 2,5-diaminobenzoquinone core for an optimal activity. In turn, this might reveal the key residues of the amyloid surface that are critical for its aggregation and toxicity.
Anti-BACE-1 activity of memoquin
The ability of 2 to inhibit the amyloidogenic BACE-1 enzyme was also investigated. A␤ is cleaved from the amyloid precursor protein (APP) by the combined actions of ␤-secretase (also called BACE-1-␤-site APPcleaving enzyme), a membrane-bound aspartyl protease, and ␥-secretase, a complex of several proteins, which cleaves APP within its transmembrane domain. 57 Remarkably, 2 was found to inhibit BACE-1 activity in a concentration-dependent manner at submicromolar concentrations. The IC 50 value for memoquin inhibition of BACE-1 activity was 108.0 Ϯ 22.9 nM, whereas the well known statine-derived inhibitor (H-Lys-Thr-Glu-Glu-IleSer-Glu-Val-Asn-[Statine (3S,4S)]-Val-Ala-Glu-Phe-OH) in the same assay showed an IC 50 value of 18 Ϯ 2 nM. This result is very promising for the possible therapeutic use of 2.
58 Nevertheless, these data should be corroborated by cellular and molecular modeling studies.
IN VIVO PROFILE
The excellent multifunctional profile exhibited by memoquin in vitro motivated us to look for the in vivo proof of concept of our strategy. To test the action of 2 on AD neurodegeneration in vivo, we used different animal models. 33, 37 Here, we report on the data acquired on the AD11 mouse model, which exhibits a progressive neurodegenerative phenotype induced by expression of anti-NGF antibodies and which resembles many key features of human AD. Therefore, the AD11 mouse has been proposed as a comprehensive animal model for AD. 59, 60 In FIG. 4 , we report a summary of all the in vivo activities of memoquin.
Memoquin is able to restore cholinergic deficit AD11 mice are characterized by the presence of behavioral deficits, cholinergic dysfunction, deposition of endogenous A␤, and tangle formation. 61 To determine whether 2 can prevent the loss of choline acetyltransferase positive neurons in the central nervous system, it was first administered to AD11 mice at a very early stage of neurodegeneration (from 1.5 months to 2 months of age). The treatment was able to prevent cholinergic deficit in the basal forebrain, as well as the loss of cholinergic neurons of the basal nucleus of Myenert. More interestingly, the same results were obtained in mice aged 15 months, where the treatment caused an analogous improvement in the number of cholinergic neurons in the basal forebrain.
37
Memoquin reduces A␤ expression and accumulation
In AD11 mice at 15 months of age, when neurodegeneration is full blown and an accumulation of extracellular A␤ deposits is evident, the oral administration of 2 caused a decrease in the number of A␤ plaques in comparison with placebo-treated mice. Although the number of plaques did not reach the level (equal to zero) shown by age-matched wild-type mice, the morphology of plaques remaining in memoquin-treated mice was different from that observed in untreated AD11 mice.
37
Memoquin reduces tau hyperphosphorylation
In the somatodentritic compartments, AD11 mice showed an accumulation of intracellular tangles composed of the hyperphosphorylated form of the tau protein, which was not observed in the wild-type mice. At all ages, tau hyperphosphorylation was either completely (at 2 months of age) or partially (at 15 months of age) prevented by administration of 2.
37
Memoquin rescues behavioral deficits
The efficacy of memoquin in rescuing behavioral deficits linked to attention and memory was assessed in AD11 mice after oral administration of 2 by means of the object recognition test (ORT). The same test was applied to nontransgenic mice treated with 2 20 minutes before the administration of scopolamine. After treatment with 2, neither AD 11 nor nontransgenic mice showed signs of amnesia. They were all able to distinguish familiar objects from new ones.
37
Comparison between memoquin's in vivo efficacy and that of galantamine and caproctamine
In order to evaluate the relative contribution of the anti-AChE activity of memoquin with respect to its overall multiple profile, its efficacy in rescuing the AD phenotype in AD11 mice was compared to that of a benchmark AChEI (galantamine) and the diaminediamide derivative 1. In 6-month-old AD11 mice, galantamine was able to rescue the cholinergic deficit, the accumulation of A␤ in dystrophic neuritis, and the behavioral ORT deficit, but had no effect on the tau phenotype. Unexpectedly, caproctamine had no effect on the number of cholinergic neurons, nor on the A␤ deposition and tau hyperphosphorylation. Only 2 was able to affect the whole range of hallmarks that characterize AD-like neurodegeneration in AD11 mice. 37 Thus, it was confirmed in preclinical disease models that a rationally designed MTDL has a better chance of affecting overall AD neurodegeneration by acting on multiple targets at different levels of the neurotoxic cascade. In particular, we can suggest that pharmacological activities other than the AChE inhibitory property contribute in a significant way to 2's remarkable effectiveness in the anti-NGF AD11 model.
CONCLUSIONS
Multiple, interrelated, biochemical pathways are thought to contribute to the neurodegenerative process of AD. In AD patients, multiple upstream factors are likely to impinge on the AD core, which is mainly represented by A␤ deposition, tau hyperphosphorylation, and cholinergic deficits.
Memoquin is a new drug candidate that was designed and synthesized in a deliberate attempt to find an MTDL able to interfere with different key target points of AD neurodegeneration. Taken together, the present results demonstrate that, in vivo, memoquin was able to ameliorate the cholinergic and behavioral impairment, the expression and deposition of A␤, and the hyperphosphorylation and deposition of tau at different stages of neurodegeneration-even in aged mice. Furthermore, in the AD11 model, memoquin outperformed benchmark AChEI anti-Alzheimer drugs (i.e., galantamine). In addition, memoquin showed other promising properties: a good oral bioavailability, blood-brain barrier penetration, and a favorable safety profile in preclinical non-regulatory acute and chronic toxicology studies-being well tolerated after prolonged administration. 62 Regarding the possible concerns about quinone toxicity, it should be mentioned that safe and modern quinone-containing drugs already exist, and have even been used for children and infants. 63 The 1,4-benzoquinone moiety, typical of memoquin, CoQ, and its synthetic analogue idebenone, is known to act as a radical scavenger 38 and to protect against the oxidative stress induced by A␤ accumulation. In vitro, memoquin showed antioxidant capacity. In addition, the NQO1 enzyme, whose activity is increased in hippocampal pyramidal neurons of patients with AD, 41, 64 might convert memoquin into the hydroquinone form, which can function as a potent and targeted antioxidant. The important goal of locating the scavenger in sufficient proximity to its targets (ROS), so that these can be reached without the spontaneous decay or enzymatic neutralization of the messenger, seems to be fulfilled. 65 Memoquin was also able to inhibit AChE catalytic action and both AChE-and self-induced A␤ aggregation. Moreover, it seemed to be a good non-peptidic BACE-1 inhibitor, with the potential to inhibit the actual formation of A␤ peptide.
When compared to a marketed AChEI (such as galantamine), the overall profile of memoquin is indeed due to its multi-targeted activity, and not exclusively to its ability to inhibit the AChE enzyme. In particular, for example, the remarkable ability of memoquin to rescue the tau-related neurofibrillary degeneration further indicates the important role of the multiple mechanisms of action, with a suggested neuroprotective activity linked to its antioxidant properties.
Therefore, memoquin emerges as a true disease-modifying agent in contrast to the presently marketed drugs, and a comprehensive biological and pharmacological profile of the molecule has been reported in the patent filed by the University of Bologna. 37 In light of the inappropriateness of the currently available drugs to confront the multi-faceted etiology of AD, the MTDL approach stands as a new and promising way of discovering small molecules able to address the biological complexity underlying neurodegenerative pathways.
In summary, the discovery of compounds with an MTDL profile as described in this report suggests that future efforts in this field may ultimately lead to a new therapy for AD. We are confident that MTDLs will be helpful tools in the challenge to understand, treat, and defeat AD.
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